The transition of mammalian cells from quiescence to proliferation is accompanied by the differential expression of several microRNAs (miRNAs) and transcription factors. However, the interplay between transcription factors and miRNAs in modulating gene regulatory networks involved in human cell proliferation is largely unknown. Here we show that the miRNA miR-22 promotes proliferation in primary human cells, and through a combination of Argonaute-2 immunoprecipitation and reporter assays, we identified multiple novel targets of miR-22, including several cell-cycle arrest genes that mediate the effects of the tumor-suppressor p53. In addition, we found that miR-22 suppresses interferon gene expression by directly targeting high mobility group box-1 and interferon regulatory factor (IRF)-5, preventing activation of IRF3 and NF-iB, which are activators of interferon genes. The expression of interferon genes is elevated in quiescent cells and their expression is inhibitory for cell proliferation. In addition, we find that miR-22 is activated by the transcription factor Myc when quiescent cells enter proliferation and that miR-22 inhibits the Myc transcriptional repressor MXD4, mediating a feed-forward loop to elevate Myc expression levels. Our results implicate miR-22 in downregulating the anti-proliferative p53 and interferon pathways and reveal a new transcription factor-miRNA network that regulates the transition of primary human cells from quiescence to proliferation.
INTRODUCTION
Most cells in eukaryotic organisms are quiescent, that is, they exist in the G 0 stage of the cell cycle and are not actively dividing. On appropriate physiological or pathological stimuli, many types of somatic cells may leave the quiescent state, re-enter the cell cycle and begin to proliferate. The ability of cells to remain viable while quiescent, exit quiescence and re-enter into the cell cycle is essential for tissue homeostasis and is the basis for varied physiological processes such as wound healing, lymphocyte activation and hepatocyte regeneration, but it is also a hallmark of cancer (1) (2) (3) (4) (5) . During wound healing, an intracellular signaling cascade drives global changes in gene expression that result in dermal fibroblasts and epidermal stem cells proliferating rapidly until tissue repair is accomplished and then the cells exit the cell cycle and re-enter quiescence (6) .
Primary human dermal fibroblasts are an excellent model for studying the global gene expression programs regulating the transition from quiescence to proliferation. In response to serum containing growth factors, an important mitogenic signal in wound healing and tissue homeostasis, fibroblasts may be induced to proliferate or enter quiescence. Serum activation of fibroblasts induces a transcriptional program activating many aspects of wound healing, and the wound response program is recapitulated in many human cancers (7) . Many key cell-cycle regulatory genes that are differentially expressed in primary human fibroblasts exiting quiescence are also deregulated in cancer (6, 8) . In addition, expression profiles of proliferating fibroblasts are good predictors of cancer progression (7) .
Of the many genes activated in fibroblasts during the exit from quiescence, several microRNAs (miRNAs) have been identified (9) . miRNAs are endogenous, non-coding small RNAs that repress gene expression posttranscriptionally (10) . miRNAs play important regulatory roles in many diverse biological processes, such as development, differentiation, proliferation, apoptosis, the stress response and cancer (11) (12) (13) (14) (15) (16) . Roughly 50% of all human protein coding genes are predicted to be directly regulated by miRNAs (17, 18) . miRNAs have emerged as important regulators of cell proliferation driving tumorigenesis, and several studies have functionally linked miRNAs and transcription factors in regulatory networks that govern cell proliferation and cancer (19, 20) .
The miRNA miR-22 has been reported to act as both a proto-oncogene in various cancer cell lines and a tumor suppressor in other cancer cell lines, as well as being involved in panic disorder, hypoxia signaling, differentiation and cardiomyocyte hypertrophy (21) (22) (23) (24) . miR-22 was shown to promote cell proliferation, invasion and survival in multiple cancer cell types by regulating PTEN (21, (24) (25) (26) . However, miR-22 has also been demonstrated to repress proliferation by inhibiting the binding partners, MAX and MYCBP, of the oncogene Myc (27) (28) (29) . In addition, miR-22 was shown to inhibit cancer progression by inducing cellular senescence (30) , and to repress cell migration and invasion in ovarian cancer (23) . miR-22 has also been linked to the p53 regulatory network, is a direct target of the tumor-suppressor p53 and mediates p53-induced cell-cycle arrest and apoptosis in colon cancer (28) . Despite the broad involvement of miR-22 in tumorigenesis in various cancers, the activity of miR-22 in primary cells has not been explored.
In this study, we investigate the regulation of cell proliferation in primary cells by miR-22 and identify a new regulatory network mediating the transition of primary cells from quiescence to proliferation. This network involves the activation by the oncogene Myc of miR-22, which in turn suppresses the interferon and cell-cycle arrest pathways active in quiescent cells, thus facilitating their re-entry into the cell cycle. Our data reveal novel cross-talk between the p53 and Myc regulatory networks that is mediated by miR-22.
MATERIALS AND METHODS

Normal cell culture conditions
HeLa cells and human foreskin fibroblasts (ATCC CRL #2091) were maintained in Dulbecco's Modified Eagle's Medium (DMEM) supplemented with 10% fetal bovine serum (FBS) at 37 C under 5% CO 2 . Fibroblasts were made quiescent by first growing them under normal conditions until 40% confluent, then replacing the medium with DMEM supplemented with 0.1% FBS and growing them for a further 48 h.
Fibroblast serum stimulation
Fibroblast cell cultures were grown under normal cell culture conditions until 40% confluent. The medium was removed and cell cultures were washed three times with phosphate buffered saline (PBS). Replacement medium was DMEM supplemented with 0.1% FBS and 100 units penicillin-streptomycin. Cell cultures were grown at 37 C for 48 h. Cell cultures were washed once with PBS. Reference cell cultures were harvested following total RNA isolation. Replacement medium was DMEM supplemented with 10% FBS and 100 units penicillinstreptomycin. Separate cell cultures were allowed to proliferate under serum-rich conditions for time points of 5, 10, 20, 30, 60 and 180 min. At the end of each of these time points, cell cultures were harvested for total RNA isolation using the Trizol reagent (Invitrogen) according to the manufacturer's protocol.
Myc overexpression
HeLa cell cultures were grown under normal cell culture conditions. Six-well plates were seeded with 1.5 Â 10 5 
Myc knockdown
Myc-specific small interfering RNA (siRNA) and negative control siRNA were purchased from Dharmacon. HeLa cell cultures were grown under normal cell culture conditions. Six-well plates were seeded with 1.5 Â 10 5 cells/well. Cell cultures were allowed to grow for 24 h. Cell cultures were lipotransfected with Invitrogen Lipofectamine 2000 according to the manufacturer's protocol (for siRNA transfection). Cell cultures were grown under normal cell culture conditions for 48 h and then harvested for total RNA. For serum stimulation experiments under conditions of Myc knockdown, fibroblasts were transfected with siRNAs against Myc or negative control siRNA and cells were starved into quiescence. Quiescent fibroblasts were then serum-stimulated for the indicated time points and miR-22 expression was assayed by quantitative reverse transcriptase-polymerase chain reaction (qRT-PCR).
miRNA enrichment, labeling and microarrays
Ambion FlashPAGE Fractionator System, Pre-cast Gels, Buffer Kit and Clean-Up Kit were used according to the manufacturer's protocol. Invitrogen ULYSIS 546 Nucleic Acid Labeling Kit was used for the typical Cy3 sample. Invitrogen ULYSIS 647 Nucleic Acid Labeling Kit was used for the typical Cy5 sample. The kits were used according to the manufacturer's protocol. Ambion FlashPAGE Clean-Up Kits were used for removal of unincorporated dye according to the manufacturer's protocol. Labeled small RNAs were hybridized to dual channel miRNA microarrays, quantitated and normalized. The microarrays were printed in house with the v1 Ambion array probe set that includes 281 human miRNAs registered in miRBase.
Real-time miRNA PCR
Quantitative real-time PCR was performed for miR-22 using Applied Biosystems TaqMan miRNA Assays according to the manufacturer's protocol.
Quantitative RT-PCR for interferon-stimulated genes
RNA from quiescent and proliferating fibroblasts was extracted with the Trizol reagent (Invitrogen) and reverse transcribed using random hexamers and the Superscript II system from Invitrogen. PCR was performed using the SYBR GREEN PCR Master Mix from Applied Biosystems. The target-gene messenger RNA (mRNA) expression was normalized to the expression of GAPDH, and relative mRNA fold changes were calculated by the ÁÁCt method. The primer sequences are shown in Supplementary Table S1 .
Myc-binding site detection and motif analysis
Chromatin immunoprecipitation (ChIP) for Myc was performed as previously described (31) . ChIP-enriched DNA was sequenced by Illumina sequencing technology. Short reads from the ends of DNA fragments were mapped back to the genome using Maq. Conservation was quantified according to the mammalian conservation track from UCSC, specifically, the 17-species conservation and alignment track (phastCons17way). Conservation was evaluated for each locus through local installation of a portion of UCSC's Genome Browser and command-line execution of UCSC toolsets (hgWiggle) that retrieved conservation metrics for a specified genomic range. The mean conservation of conserved motifs was 90% (standard deviation is 6.7%), whereas the mean conservation of the non-conserved motifs was 0.6% (standard deviation is 0.3%). The presence of proximal CpG islands was evaluated using the CpG enrichment track (cpgIslandExt). Conserved binding motif coordinates for Myc across the genome were obtained from UCSC's catalog of conserved binding sites for all mammalian transcription factors (TFBS conserved). Motif search was performed within 20 kb upstream of the miRNA start sites. For the ChIP-PCR assay, fibroblasts were starved into quiescence and then serum-stimulated to proliferate. Cells were harvested 3 h after stimulation and ChIP was performed as described above. Myc binding was confirmed using quantitative PCR performed using the SYBR GREEN PCR Master Mix from Applied Biosystems. Fold enrichment was calculated with respect to the negative control by the ÁÁCt method. Primer sequences used for ChIP-qPCR are shown in Supplementary  Table S1 .
RNA oligos, transfections and microarray analysis
miR-22 guide and anti-guide mature sequences were obtained from miRBase (http://microRNA.sanger.ac.uk/ sequences/), while sequences for siRNA against GFP (control siRNA) were obtained from (32) . The corresponding RNA oligos were ordered from Invitrogen or IDT and annealed in RNA annealing buffer (20 mM HEPES, pH 7.3, 50 mM KCl, 2 mM MgCl 2 ). Both the miR-22 and control siRNA oligos contain the same chemical modifications of 5 0 -phosphate and 3 0 -OH. The RNA duplexes were transfected at a final concentration of 100 nM using Lipofectamine 2000 according to the manufacturer's instructions. The miR-22 inhibitor and control were a miRCURY Locked Nucleic Acid (LNA) miRNA Inhibitor and Negative Control Inhibitor obtained from Exiqon and transfected at a final concentration of 10 nM using Lipofectamine 2000. Poly I:C was obtained from Sigma Aldrich and co-transfected at a final concentration of 200 ng/ml with miR-22 or control siRNA duplexes as described above. RNA from transfected cells was extracted using the Trizol reagent (Invitrogen), amplified and hybridized to in-house cDNA expression microarrays as previously described (9) . The primary microarray data are available at NCBI's GEO (Accession GSE42788). Functional analysis for repressed genes was performed using the freely available online software DAVID (33) .
Flow cytometry
Fibroblasts were seeded at 50 000 cells per well in six-well plates. Cells were cultured in DMEM supplemented with 10% FBS. Cells were allowed to grow 24 h, and then the medium was replaced with low-serum DMEM 0.1% FBS. Eight h after replacement with DMEM 0.1% FBS, cells were transiently transfected with miR-22 or control siRNA duplexes (100 nM final concentration). Twentyeight hours after transfection, cells were trypsinized, washed with PBS and fixed for 24 h in 70% ethanol at À20 C. After ethanol fixation, cells were washed with Stain Buffer (BD Pharmingen), incubated 30 min with fluorescein isothiocyanate Mouse Anti-Human Ki67 antibody (BD Pharmingen), washed and resuspended in 500 ml Stain Buffer with Propidium Iodide Staining Solution (5 mg/ml) (BD Pharmingen). Flow cytometry analysis for Ki67 was done using a FACsCalibur flow cytometer and 10 000 events above threshold levels were counted for each sample (BD Biosciences). Data analysis was done using FlowJo.
Luciferase assays
Entire 3 0 untranslated regions (UTRs), if possible, or at least 0.8-1.2 kb around the predicted miR-22 site in a 3 0 UTR was cloned into a Renilla vector under a cytomegalovirus (CMV) promoter. For CARF, we included the last exon in addition to the 3 0 UTR for the luciferase assays. miRNA seed site mutants were made by mutating 3 bp in the 6-mer seed sequence using Agilent's QuikChange MultiSite-Directed Mutagenesis Kit. Another vector containing the Firefly luciferase under a CMV promoter was used as a normalization control. HEK293 cells were plated in 24-well plates at 10 5 cells/ well and Renilla and Firefly vectors were co-transfected at 25 ng each along with 100 nM final concentration of miR-22. Control siRNA was used as a negative control. Cells were harvested 24 h post-transfection, and luciferase activity was measured using the Promega Dual Luciferase kit according to manufacturer's instructions. Fold suppression was calculated as the ratio of Renilla to Firefly values for miR-22 normalized by the mean of the Renilla to Firefly ratios for the control siRNA. For the NF-kB reporter assays, HEK293 cells were plated in 24-well plates at 1 Â 10 6 cells/well. Twenty-four hours after plating, cells were transfected with 100 ng/well of NF-kB reporter plasmid (SABiosciences) and co-transfected with poly I:C and miR-22 or the control siRNA. Cells were harvested 16 h post-transfection, and luciferase activity was measured as described above. For Figure 5E and F, we performed luciferase assays using a pGL3 promoter plasmid (Promega) as previously described (34) . Around 550 bp of PCR-amplified insert from each of four putative Myc-binding sites was cloned into the vector. All primers used for cloning are listed in Supplementary Table S1 .
Western blots
For western blots of phosphorylated and native interferon regulatory factor (IRF)-3, HeLa cells were seeded in sixwell plates at 8 Â 10 4 cells/well and co-transfected with 200 ng/ml poly I:C and miR-22 or the control siRNA. Twelve hours after transfection, cells were harvested for protein analysis. Cell lysates were separated on 10% sodium dodecyl sulphate-polyacrylamide gel electrophoresis (SDS-PAGE) gels and proteins were transferred onto polyvinylidene fluoride (PVDF) membranes. Membranes were blocked with 5% milk in Tris-buffered saline and Tween 20 (TBST) (25 mM Tris pH 8.0, 150 mM NaCl, 0.05% Tween-20) and probed with corresponding primary antibodies against specific proteins (phosphorylated and native IRF3; Cell Signaling Technology). horseradish peroxidase (HRP)-conjugated secondary antibodies (Santa Cruz Biotechnology) were used to detect primary antibodies, and proteins were visualized by chemiluminescence.
For western blots of putative miR-22 targets, primary human fibroblasts were seeded in six-well plates at 2 Â 10 4 cells/well in DMEM supplemented with 10% FBS. Twenty-four hours after plating, the medium was replaced with low-serum DMEM 0.1% FBS. The medium for proliferating samples was replaced with more DMEM 10% FBS. Forty-eight hours after serum starvation, miR-22 or control siRNA was transfected at a 100 nM concentration, and proliferating and quiescent samples were lysed. Transfected cells were lysed at 12, 24, 48 or 72 h post-transfection. Cell lysates were separated on 4-20% gradient SDS-PAGE gels (Biorad) and proteins were transferred onto PVDF membranes. Membranes were blocked with 5% milk in TBST and probed with corresponding primary antibodies against specific proteins [high mobility group box-1 (HMGB1): Cell Signaling Technology, IRF5: Abcam ab33478, REDD1:
Abcam ab106356, TP53INP1: Abcam ab9755, p21: Abcam ab7960, CARF: ab88322, MXD4: Santa Cruz Biotechnology sc-771, MYC: Santa Cruz Biotechnology sc-764X]. Actin was used as a loading control (Actin: Santa Cruz Biotechnology sc-10731). HRP-conjugated secondary antibodies (Santa Cruz Biotechnology sc-2004 and sc-2005) were used to detect primary antibodies, and proteins were visualized by chemiluminescence. Western blots shown are for the time point that showed the strongest repression.
Argonaute-2 immunoprecipitation
We adapted the protocol developed by Hendrickson et al. (35) for immunoprecipitating Argonaute-2 (Ago2)-mRNA complexes. Briefly, HeLa cells were grown in 10 cm 2 tissue culture plates and transfected with either miR-22 mature duplexes at a final concentration of 100 nM or mock transfected. After 24 h, 0.5 ml of lysis buffer was added drop-wise onto the cell monolayer followed by incubation at 4 C for 30 min. Cell lysate was collected by scrapping and cleared by centrifugation at 14 000 rpm at 4 C. Cleared lysate was then incubated with 50 ml of protein-G beads (Roche) for 3 h at 4 C (pre-clearing). Before pre-clearing, 50 ml of the cleared lysate was removed for total RNA estimation. Pre-cleared lysate was incubated with 15 mg of Ago2 antibody (ab57113; Abcam) and incubated at 4 C overnight. The next day, 50 ml of protein-G beads were added to the lysate and incubated for 4 h at 4 C. Beads were washed eight times with lysis buffer and Ago2-RNA complexes were extracted by adding 1 ml Trizol reagent (Invitrogen) directly to the beads. RNA extraction was carried out as per the manufacturer's instructions.
Cell counting assays
For miRNA overexpression experiments, fibroblasts were seeded at 20 000 cells per well in six-well plates. Cells were cultured in DMEM supplemented with 10% FBS. Cells were allowed to grow 24 h, and then the medium was replaced with low-serum DMEM 0.1% FBS. Twentyfour hours after replacement with DMEM 0.1% FBS, cells were transiently transfected with miR-22 or siGFP duplexes (100 nM final concentration); 0, 24, 48, 72 and 96 h after transfection, cells were trypsinized and counted in a hemacytometer. Five fields were averaged for each biological replicate. For miRNA inhibition experiments, fibroblasts were seeded at 20 000 cells per well in six-well plates. Cells were cultured in DMEM supplemented with 10% FBS. Cells were allowed to grow 24 h and then transiently transfected with miR-22 miRCURY LNA miRNA Inhibitor and Negative Control Inhibitor obtained from Exiqon (10 nM final concentration); 0, 24, 48, 72 and 96 h after transfection, cells were trypsinized and counted in a hemacytometer. Five fields were averaged for each biological replicate.
Statistical analysis
Statistical significance was estimated using a one-sided Student's t-test.
RESULTS
miR-22 is induced during the transition from quiescence to proliferation and promotes proliferation
Microarray expression profiling identified multiple miRNAs that are differentially expressed in primary human fibroblasts induced to transition from quiescence to proliferation by serum stimulation (Figure 1A and Supplementary Table S2 ). We focused on miR-22 because it was one of the miRNAs most strongly and consistently induced by serum stimulation, and bioinformatic analysis suggested that it could be transcriptionally regulated by immediate-early transcription factors (not shown). qRT-PCR for miR-22 expression after serum stimulation of fibroblasts in an independent biological replicate experiment confirmed its induction ( Figure 1B) .
Because miR-22 was activated during the transition of primary human cells from quiescence to proliferation, we hypothesized that miR-22 regulates proliferation in primary human cells. To test this hypothesis, we transiently overexpressed miR-22 by transfecting the mature form of the miR-22 duplex RNA into quiescent fibroblasts and assayed cell growth. Compared with the control, miR-22-transfected cells showed increased growth by cell counting assay ( Figure 1C ). Conversely, proliferating cells in which we introduced a stable antisense inhibitor of miR-22 showed decreased cell growth ( Figure 1D ). To further explore the effect of miR-22 on cell growth, we assayed the expression of the proliferation marker Ki67 (26, 36) . We transfected miR-22 into quiescent fibroblasts and counted cells expressing Ki67 protein using flow cytometry. miR-22 transfection significantly increased the percentage of Ki67-positive cells compared with control, indicating that miR-22 activates proliferation ( Figure 1E ). We confirmed this result by performing a biologically independent experiment where we transfected miR-22 into both quiescent fibroblasts and proliferating fibroblasts and measured Ki67 expression by qRT-PCR. Compared with the control, miR-22-transfected cells showed elevated levels of Ki67 in both quiescent fibroblasts and proliferating fibroblasts ( Figure 1F and Supplementary Figure S1 ). In addition, inhibition of miR-22 decreased levels of Ki67 compared with the control in cells exiting quiescence ( Figure 1G ).
Identifying miR-22 targets by microarrays
To identify the downstream targets of miR-22 in proliferating fibroblasts, we overexpressed miR-22 by transfecting miR-22 duplexes and then analyzed gene expression using microarrays, relying on the fact that miRNAs frequently cause downregulation of their mRNA targets (13, 37) . To investigate whether this approach was able to identify miR-22 targets, we analyzed the 3 0 UTRs of genes that were downregulated following miR-22 transfection for enrichment of the miR-22 seed match sequence. We also performed the same experiment and analysis in HeLa cells. In both cell lines, 6-mer matches to nucleotides 2-7, the miR-22 seed region, were significantly enriched in genes repressed when miR-22 was overexpressed (P < 10 À8 assuming a binomial model, Supplementary Figure S2A and B). Thus, genes whose mRNAs were downregulated in response to high levels of miR-22 contained a significant proportion of direct targets of miR-22.
In addition to conducting gene expression profiling following miR-22 overexpression in proliferating cells, we also transfected miR-22 duplexes into fibroblasts that were rendered quiescent by serum deprivation and analysed the resulting gene expression changes and corresponding seed enrichment as described above. Although there was a significant enrichment of seed matches to the 5 0 -end of miR-22 in the 3 0 UTRs of the repressed genes (P < 10 À4 assuming a binomial model, Supplementary  Figure S2C ), the magnitude of this enrichment was much lower than that observed for genes that were repressed by miR-22 during proliferation, suggesting that many mRNAs downregulated by miR-22 in quiescent cells may be indirect targets.
miR-22 inhibits genes involved in cell-cycle arrest
Overexpression of miR-22 repressed several cell-cycle-related genes, suggesting miR-22 may regulate proliferation through repression of cell-cycle arrest genes. From the miR-22 overexpression and gene expression profiling experiments, we selected genes for further analysis that were cell-cycle related, repressed by miR-22 overexpression and contained miR-22 target sites. Of these genes, TP53INP1, REDD1 (also known as DDIT4) and p21 (also known as CDKN1A) are transcriptionally activated by the tumor-suppressor p53 (38) (39) (40) , while CARF (also known as CDKN2AIP) enhances p53 function and induces premature senescence in primary fibroblasts (41) . TP53INP1, p21 and CARF have a functional role in inducing cell-cycle arrest (40) (41) (42) , while REDD1 is a DNA-damage-inducible protein involved in apoptosis (39) . TargetScan and RNA22 predicted REDD1, TP53INP1 and p21 as miR-22 targets. Interestingly, CARF did not show miR-22 seed sequences in its 3 0 UTR but showed multiple seed matches in its last exon.
To determine whether these genes were direct targets of miR-22, we used a strategy based on Ago2 IPs (Figure 2A ) (35, 43) . Ago2 is an essential component of the RNAinduced silencing complex that is directed to target mRNAs by the miRNA guide strand (10) . Hence, changes in Ago2 occupancy on a mRNA that occur in a miR-22-dependent manner can serve to identify direct targets. We measured Ago2 occupancy of candidate target mRNAs by immunoprecipitating Ago2-mRNA complexes and quantifying enrichment of the purified transcripts by qRT-PCR. We performed parallel Ago2 IPs in HeLa cells that were transfected with miR-22 mature duplexes as well as in mock-transfected cells. HeLa cells were used for the Ago2 IPs owing to their greater RNA content and smaller size than human fibroblasts, resulting in much higher mRNA yield per Ago2 IP. Transcripts that showed an increase in Ago2 occupancy in the miR-22-transfected samples as compared with mock transfections were expected to be direct miR-22 targets. We measured Ago2 occupancy by qRT-PCR using GAPDH as a control. Transcript abundance in the IPs was normalized to that in an aliquot of the total RNA before Ago2 IP.
Ago2 IP confirmed REDD1, TP53INP1, p21 and CARF as direct targets of miR-22, as all four genes specifically showed increased Ago2 occupancy in a miR-22dependent manner ( Figure 2B ), whereas other cell-cycle regulatory genes did not (Supplementary Figure S3A) . We confirmed that all four genes were directly downregulated by miR-22 using a 3 0 UTR luciferase reporter assay and that miR-22 mediated repression of the 3 0 UTRs in the assay was dependent on the predicted miR-22 target sites in the 3 0 UTRs ( Figure 2C ). The transcripts of three of these four genes (TP53INP1, p21 and REDD1) were upregulated as fibroblasts entered quiescence ( Figure 2D ). We therefore assayed whether ectopic miR-22 could inhibit these genes in quiescent cells. We transfected miR-22 into quiescent fibroblasts and assayed the changes of these three genes transcript levels by qRT-PCR and changes in protein expression by western blot. miR-22 suppressed the transcript and protein expression of the three genes in quiescent cells (Figure 2E and F) . Protein levels of CARF were also downregulated in quiescent cells transfected with miR-22 compared with control ( Figure 2F ).
miR-22 targets genes that regulate the interferon response
Remarkably, 25 out of the top 50 genes identified by microarray to be downregulated by miR-22 in quiescent fibroblasts were interferon-inducible genes ( Figure 3A and Supplementary Table S3 ). However, most of the interferon response genes that were repressed by miR-22 under quiescence did not show matches to the miR-22 seed sequence in their 3 0 UTRs ( Figure 3A ), suggesting that the downregulation of the majority of these genes in response to miR-22 was occurring through an indirect mechanism. Indeed, the seed match enrichment improved if we excluded the interferon pathway genes before analyzing the seed enrichment (Supplementary Figure S4A) .
To identify the direct targets of miR-22 that mediate suppression of interferon genes, we used Ago2 IPs. We screened several candidate target genes that had established roles in activating the interferon pathway and were potential miR-22 targets based on the presence of the miR-22 seed sequence in their 3 0 UTRs. From this screen, we identified two target genes, HMGB1 and IRF5, which showed increased occupancy by Ago2 in miR-22-transfected cells compared with control and had established roles in activating the interferon pathway ( Figure 3A and B). Both HMGB1 and IRF5 have multiple miR-22 seed match sequences in their 3 0 UTRs, and HMGB1 was predicted to be a miR-22 target by RNA22 (44), while IRF5 was predicted to be a target of miR-22 by TargetScan (18) . Other candidate genes in the interferon response pathway, which also contained miR-22 seed matches in their 3 0 UTRs, did not show increased Ago2 occupancy, indicating that this assay identified specific targets (Supplementary Figure S3B ). To verify that these targets identified by Ago2 IPs could be repressed by miR-22, we cloned the 3 0 UTRs of HMGB1 and IRF5 into luciferase reporters to assay repression by miR-22. The 3 0 UTRs of both genes were indeed repressed by miR-22, and introducing mutations into the predicted miR-22 target sites relieved repression, confirming that miR-22 directly targets HMGB1 and IRF5 ( Figure 3C ). Additionally, the transcript levels of both of these genes were suppressed by miR-22 overexpression in HeLa cells, and protein expression was repressed by miR-22 overexpression in quiescent primary human fibroblasts ( Figure 3D and Supplementary Figure  S4B ). Evidence for these targets is summarized in Supplementary Table S4 . Surprisingly, neither IRF5 nor HMGB1 were among the many interferon genes that showed strongly decreased expression in HeLa cells transfected with miR-22 as determined by microarray profiling (Figure 3A and Supplementary Table S3 ). We assayed transcript and protein levels for both HMGB1 and IRF5 in proliferating compared with quiescent primary human fibroblasts by qRT-PCR and western blot. Only IRF5 was significantly repressed at both the transcript and protein level in proliferating compared with quiescent cells (Figure 3E and F) .
miR-22 suppresses the interferon response
Both IRF5 and HMGB1 mediate interferon signaling pathways. IRF5 is involved in the induction of proinflammatory cytokines in response to several different Toll-like receptor (TLR) ligands and mediates signaling downstream of the TLR7 and TLR8 pathways to activate the interferon-beta promoter (45, 46) . HMGB proteins are highly represented in the nucleus and are responsible for regulating transcription and chromatin structure (47) . However, HMGB1 was recently shown to act as a universal sensor for double-stranded RNA as well as DNA and stimulate the interferon pathway by activating the transcription factors IRF3 and NF-kB, which are essential components of the interferon-beta promoter 'enhanceosome'. Additionally, HMGB1-deficient fibroblasts (Hmgb1À/À) show significantly impaired type I interferon induction (48) .
To establish whether miR-22 was able to functionally suppress HMGB1-and IRF5-activated interferonsignaling pathways, we examined the response of NF-kB and IRF3 to miR-22 after we artificially activated the interferon pathway using poly I:C. Poly I:C is a double-stranded RNA polymer that mimics a viral infection and induces a strong type I interferon response (49) . HMGB1 and IRF5 have been shown to mediate the activation of the transcription factors NF-kB and IRF3, both of which are key regulators of the interferon response (48, 50) . Using a reporter of NF-kB activation, we confirmed that miR-22 inhibits NF-kB activation in response to a trigger of interferon activation ( Figure  4A ). miR-22 also suppressed IRF3 phosphorylation, a hallmark of IRF3 activation, in response to activation of the interferon response ( Figure 4B ). To further characterize miR-22-mediated suppression of interferon pathway genes, we asked whether miR-22 could suppress an induced interferon response. We co-transfected miR-22 duplexes and poly I:C into HeLa cells and harvested cells 12 h later. Induction of the type I interferon response was measured by assaying interferon beta-1 (IFNB1) and several other interferon-stimulated gene (ISG) mRNA levels by qRT-PCR. Co-transfection of miR-22 severely impaired normal IFNB1 and subsequent ISG induction by poly I:C ( Figure 4C and Supplementary Figure S5 ). These results strongly indicated that miR-22 was able to suppress the type I interferon response.
These results combined with the observed downregulation of many interferon response genes with miR-22 overexpression in quiescent cells suggested that interferon response genes were active in quiescent cells and that miR-22 was capable of repressing the interferon response pathway. Previous cDNA profiling studies in quiescent fibroblasts have noted that interferon response genes are activated as fibroblasts enter quiescence (51) . To confirm that interferon response genes were activated under quiescence, we measured relative mRNA expression levels of IFNB1, a key marker and inducer of the type I interferon response, as well as several ISGs in proliferating and quiescent fibroblasts. All of the interferon genes that we tested were expressed at higher levels in quiescent cells ( Figure 4D ). The interferon response is potently anti-proliferative (52), and the elevated expression of interferon genes could potentially be part of intrinsic mechanisms maintaining cellular quiescence.
To verify that an active interferon response would be detrimental to proliferation, we artificially activated the interferon pathway by transfecting poly I:C into quiescent fibroblasts, then stimulated them with serum to induce proliferation and assayed expression of proliferation marker Ki67. Quiescent fibroblasts that were not treated with poly I:C showed efficient exit from quiescence into a proliferative state as measured by Ki67 expression levels ( Figure 4E ). However, poly I:C-treated quiescent fibroblasts showed no change in Ki67 expression levels, indicating that a heightened interferon response inhibited transition into a proliferative state ( Figure 4E ).
Myc activates miR-22 during the transition from quiescence to proliferation
Interestingly, miRNA expression profiling of serumstimulated primary human fibroblasts also showed miRNAs from the miR-17-92 cluster were induced along with miR-22 during the serum-stimulated transition from quiescence to proliferation ( Figure 5A ). The miR-17-92 cluster has been shown to be directly activated by the transcription factor Myc (53) . To investigate whether miR-22 and other serum-stimulated miRNAs were also regulated by Myc, we first overexpressed or knocked down Myc in HeLa cells and assayed the resulting changes in miRNA levels using microarrays. miR-22, and the known targets of Myc, miR-17 and miR-92, were activated by Myc overexpression and were repressed by Myc knockdown (Figure 5A ). To examine Myc regulation of miR-22 in primary human fibroblasts, Myc was knocked down by siRNA in proliferating primary human fibroblasts and in primary human fibroblasts exiting quiescence. Proliferating fibroblasts with Myc knocked down showed a significant decrease in miR-22 expression compared with control ( Figure 5B and Supplementary Figure S6A ). qRT-PCR for Myc expression confirmed Myc activation in response to serum stimulation of fibroblasts, at time points very similar to miR-22 induction (Supplementary Figure S6B ). This pattern of miR-22 expression in response to serum stimulation and modulation of Myc activity suggested that miR-22 may be activated by Myc.
To investigate whether Myc directly activates miR-22 by binding to upstream cis-regulatory sequences, we examined genome-wide Myc ChIP-sequencing (ChIP-seq) data generated in our lab from serum-stimulated fibroblasts as well as HeLaS3 and MCF7 cells (54) . In all cell types, particularly in the rapidly proliferating HeLaS3 and MCF7 cells, we observed Myc binding at several sites around the predicted transcription start site of miR-22 (55) ( Figure  5C ). Myc is known to bind its chromosomal target sites in mammalian cells, including human fibroblasts, through a DNA motif known as the E-box (31) . Motif analysis of the region upstream of miR-22 revealed phylogenetically conserved E-box elements within the Myc-binding sites that we identified by ChIP-seq, many of which occurred within CpG islands ( Figure 5C ). Phylogenetic conservation of putative regulatory elements is frequently an indication of functional significance, and the genomic binding of Myc is known to be associated with the proximal presence of CpG islands (56) . As an example, we verified Myc binding to one of the sites detected by ChIP-seq in an independent experiment by carrying out ChIP-qPCR in fibroblasts that were induced to proliferate ( Figure 5D ). In addition, luciferase promoter reporter assays using Myc-binding regions upstream of miR-22 showed that Myc could functionally activate gene expression through one of these upstream promoter regions (L3) ( Figure 5E ). The L3 promoter region site contains two putative Myc-binding site motifs (M1 and M2), but mutation of the putative Myc-binding site motifs did not impair activation by Myc in the reporter assay in a consistent manner ( Figure 5F ). These results nevertheless show that miR-22 expression is responsive to Myc and that Myc binds to the promoter of miR-22 and activates its transcription in a manner that is consistent with direct activation, both in HeLa cells as well as fibroblasts during their exit from quiescence.
miR-22 inhibits the Myc repressor MXD4
Another target of miR-22 that we identified was MXD4, a transcriptional repressor of Myc, which in turn is repressed by Myc (57, 58) . We found that MXD4 transcript levels were activated and Myc levels were suppressed when cells entered quiescence ( Figure 6A and Supplementary Figure S7 ). miR-22 transfection impaired MXD4 activation and Myc suppression under quiescence ( Figure 6B ). We verified using Ago2 IP and 3 0 UTR luciferase reporter assays that MXD4 was indeed a direct target of miR-22 ( Figure 6C and D). Western blot confirmed miR-22 downregulated MXD4 expression at the protein level in primary human fibroblasts (6E). These results suggest the existence of a feedback loop in which Myc activates miR-22 to suppress MXD4, which causes the upregulation of Myc expression.
DISCUSSION
Our results show a TF-miRNA network that is activated as primary fibroblasts exit quiescence and re-enter the cell cycle. The oncogenic transcription factor Myc binds upstream of miR-22 and activates miR-22 expression when quiescent fibroblasts are stimulated to proliferate.
In addition, we show that miR-22 promotes proliferation in primary human fibroblasts, and we identified targets of miR-22 that include several cell-cycle arrest genes, REDD1, TP53INP1, p21 and CARF, as well as MXD4, which represses Myc. Although the effect of miR-22 on the protein levels of cell-cycle arrest genes was modest, moderate regulation of multiple cell-cycle arrest genes may have large phenotypic effects in concert. We also found that miR-22 targets genes that mediate the interferon response, HMGB1 and IRF5, and that miR-22 repressed the interferon response. The early activation of miR-22 we observed as cells exit quiescence and re-enter the cell cycle may be rationalized in terms of its effect on the interferon response and cellcycle arrest genes. Although the interferon response is known to be antagonistic to cell proliferation, the exact role of the interferon response genes during quiescence is unclear (52) . It has been suggested that signaling pathways actively maintain cells in a viable, reversibly arrested stage (59) . It is possible that high levels of interferon response genes are required for maintaining or inducing a state of cell-cycle arrest in quiescent cells. Indeed, upregulation of interferon response genes in cells entering quiescence has been observed, and interferon has long been known to repress proliferation in fibroblasts (51, 60) . Consequently, to exit quiescence and begin to proliferate, cells must overcome this inhibitory influence on proliferation. When we artificially upregulated the interferon pathway under quiescence, entry into proliferation in response to serum-stimulation was severely impaired. One of the means by which cells may overcome this inhibitory effect is to use an immediate-early transcription factor like Myc to activate a suppressor of the interferon pathway, namely, the miRNA miR-22 (Figure 7 ). We found that miR-22 functionally inhibits NF-kB and IRF3 activation by directly targeting and downregulating HMGB1 and IRF5, which are known activators of the interferon activation pathway, thus identifying the molecular basis of how miR-22 mediates interferon suppression. In addition, HMGB1 has recently been shown to regulate proliferation, and it influences both wound healing and cancer progression (58, 59) . Surprisingly, HMGB1 was not downregulated in quiescent primary human fibroblasts. However, IRF5 was downregulated in quiescent primary human fibroblasts, indicating that the interferon-mediated maintenance of quiescence may only be regulated by IRF5 in primary human fibroblasts.
We also present evidence that reveals novel cross-talk between the p53 and Myc regulatory networks that is mediated by miR-22. We show that miR-22 targets cell-cycle arrest pathways that are mediated by the tumor-suppressor p53. IRF5 is known to be a direct target of p53 and promotes cell-cycle arrest and cell death (61, 62) . IRF5 also induces senescence when overexpressed in immortalized Li-Fraumeni fibroblasts (63) . Additionally, we find that miR-22 directly inhibits other pro-apoptotic and cell-cycle arrest genes such as REDD1, TP53INP1, p21 and CARF that are also direct targets of or regulate p53 (Figure 7) . Interestingly, miR-22 itself is known to be a direct target of p53, and miR-22 determines p53-dependent cellular fate through direct regulation of p21 (28) . In addition, previous studies have shown a p53-dependent suppression of Myc at the transcriptional and post-transcriptional level (64, 65) . Furthermore, our data show upstream binding and activation of miR-22 by Myc. A group previously observed similar results and concluded that this indicated direct activation of miR-22 by Myc, but our further analysis of Myc-binding sites does not conclusively support direct activation (29) . Taken together, our data demonstrate novel interaction between the p53 and Myc regulatory networks that is mediated by miR-22 (Figure 7 ). We postulate that the combined effect of inhibiting interferon and cell-cycle arrest pathways downstream of p53 enables miR-22 to induce quiescent fibroblasts to proliferate.
Recently, other groups have reported that miR-22 acts like a proto-oncogene promoting proliferation and invasion of cancer cells by inhibiting the tumor-suppressor PTEN (21, 24, 25) . On the other hand, other recent studies have reported that miR-22 inhibits proliferation of cancer cell lines (not including the ones we have tested) by inhibiting MAX (27) and MYCBP (28, 29) . However, we observed no inhibitory effect of miR-22 in primary cells or HeLa cells (data not shown), and in fact observed a modest activation of proliferation marker Ki67 by miR-22 in proliferating fibroblasts, consistent with our other results (Supplementary Figure S1 ). We found that miR-22 indirectly upregulates Myc expression levels by inhibiting the Myc transcriptional repressor MXD4, thus participating in a regulatory feedback loop (Figure 7) . Other groups observed inhibition of Myc by miR-22 repression of Myc-binding partners MAX or MYCBP in cancer cell lines, suggesting miR-22 may activate or repress Myc activity depending on cell type (27, 29) . Because haploinsufficiency of Myc leads to impairment of proliferation, a small change in Myc expression can be expected to have significant outcomes on cell-cycle progression. The above results taken together raise the Figure S7. (B) miR-22 transfection impairs MXD4 activation and indirectly reduces Myc suppression in quiescent fibroblasts compared with control siRNA transfection. (C) Ago2 IPs identify MXD4 as a direct target of miR-22. MXD4 transcripts showed higher Ago2 occupancy in miR-22-transfected HeLa cells compared with mock-transfected cells. Ago2 occupancy of the target genes transcripts was measured using qRT-PCR as described in the text. The Y-axis shows fold change in mRNA levels from Ago2 IP-isolated RNA normalized to input RNA. (D) Luciferase assays confirm that miR-22 directly targets the 3 0 UTR of MXD4. The Y-axis indicates relative luciferase units from miR-22-transfected cells normalized to control siRNA-transfected cells. IKKg and Empty are negative controls, IKKg was not repressed by miR-22 and Empty is the luciferase vector with no UTR. For the mutant 3 0 UTRs, 3 bp in each 6-mer miR-22 target site in the 3 0 UTRs were mutated. (E) MXD4 protein expression in fibroblasts was downregulated by transfection with miR-22 compared with control siRNA transfection. For A, B and C, GAPDH was used as a control to normalize input RNA levels. For B, C and D, bars indicate the mean, and error bars denote ±SD, n = 3. P-values were estimated by Student's t-test. *P < 0.05.
intriguing possibility that miR-22 may act as a switch inducing or inhibiting cellular proliferation in a contextdependent manner. This study provides evidence that miRNAs upregulated during the transition of quiescent cells into a proliferative state have a defined functional role in reprogramming gene expression to enable the transition of G 0 arrested cells into the cycling G 1 stage. Furthermore, our results provide evidence of the complex interplay between transcription factors and miRNAs to transduce extracellular signals into physiological responses. 
